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Introduction
Many studies designed to elucidate the structure and function of connective tissue matrix macromolecules have been published within the past several years (for review see Van der Rest and Garrone, 1991) . Increasingly, many of these studies rely on immunocytochemical procedures at the electron microscopic level to gain specific information about the location, interaction, and function of these macromolecules. Immunocytochemical methods allow the positioning of an electron-dense particulate to within only a few nanometers of an antigenic site, permitting high-resolution mapping of individual molecules (Kellenberger and Hayat, 1991) . It is therefore increasingly important that tissue architecture after processing for high-resolution immunocytochemistry be as close to native as pos-Supported by grants from the Shriners Hospital for Crippled Children. Electron microscope facilities at the Shriners Hospital were provided in part by the R. Blaine Bramble Medical Research Foundation and the Fred Meyer Charitable Trust Foundation. Work accomplished at the Boulder Laboratory for Three Dimensional Fine Structure was supported by NIH Grant RR-00592 (J. R. McIntosh, PI).
* Correspondence ta Douglas R. Keene, Portland Shrine Research Unit 3101 SW Sam Jackson Pk. Rd., Portland, OR 97201. are significantly dissimilar. In optimally preserved areas of cartilage, collagen fibrils are continually surrounded by a densely staining sol. Empty fluid spaces are absent. In less optimally preserved areas, artifacts are noted and described, including a network that mimics the expected structure of proteoglycan. Similarly, the dermal matrix of human skin contains a preponderance of densely staining material that almost f a the voids commonly seen after aqueous fixation.
Decorin, immunolocalized to the surface of dermal collagen fibrils, appears to be retained after this procedure. (J Hikochem Cyrochem 41:1141 -1153 , 1993 KEY WORDS: Human cartilage; Chick cartilage; Collagen; Cryofixation; Human skin; Fixation; Transmission electron microscopy; Decorin; Proteoglycan; Glycosaminoglycan. sible or, if artifactual solubilization or redistribution of tissue com. ponents are a result of unavoidable tissue manipulation, that a source of optimally stabilized tissue morphology be used for comparison. With these issues in mind we initiated this study. The connective tissue matrices of both skin and cartilage contain a large portion of easily extracted macromolecules whose positions are substantially altered by aqueous fixation and solvent dehydration. It is beyond the scope of this article to discuss in detail the variety of collagens and glycosaminoglycans in connective tissue matrices. Reviews highlighting these subjects include those by Hardingham (1981) , Hall (1983) , Mayne and Burgeson (1987), and Eyre (1991) . In simple terms, cartilage is a collection of collagen fibrils and proteins embedded in a matrix of proteoglycan. Collagens resist pulling forces, whereas proteoglycans, forming an interfibrillar gel, resist compressive forces (Scott, 1990 ). Relevant to this study are the most easily extracted components, including proteoglycans (Hunziker and Herrmann, 1987; Jubb and Eggert, 1981) and some collagens. For example, collagen Types XI1 and XIV are easily extracted from tissue (Watt et al., 1992; Lunstrum et al., 1991) and are likely to become dislodged during preparatory procedures. The interpretation of immunoelectron microscopy data is therefore difficult (Keene et al., 1991a) . As another example, there is a discrepancy between data from rotary shadowing studies of cartilage homogenates that dem-onstrate Type IX collagen to be distributed periodically along Type I1 fibers (Mendler et al., 1989; Bruckner et al., 1988; Van der Rest and Mayne, 1988; Vaughan et al., 1988) and immunocytochemical data that fail to demonstrate a periodic localization pattern in tissue (Muller-Glauser et al., 1986) . Also relevant to this study is the structure of fibrillin-containing matrix microfibrils. These microfibrils are commonly associated with elastin and are present in alaost all connective tissue matrices. In chemically fixed preparations they appear tubular, about 10-13 nm in diameter. In rotary shadowing studies they appear entirely different, an appearance likened to a string of beads (Keene et al., 1991b; Wright and Mayne, 1988) .
Macromolecular models of proteoglycans are largely based on electron microscopy of isolated molecules (Front et al., 1989; Wiedemann et al., 1984; Hascall, 1980; Rosenberg et al., 1970; Thyberg, 1977) . A bottlebrush appearance of proteoglycans results from these techniques, with many projections extending from a central filament. Many proteoglycans can attach to a single hyaluronic acid molecule, forming a much larger space-filling aggregate as much as 4000 nm long and with a diameter of 500-600 nm. The very high net negative charge of these aggregates allows them to attract and bind a large amount of water; the resultant aggregate may occupy a volume 30-50 times its dry weight. The water-retention capacity of proteoglycans within cartilage contributes to its firmness and resiliency (for further references and review see Barry, 1990; Engel, 1990; Morgelin et al., 1988; Heineghrd and Paulsson, 1984) and also to the difficulties associated with adequate preservation of tissues rich in proteoglycan.
For optimal evaluation of connective tissue ultrastructure, the proteoglycans must be protected from solubilization, translocation, or collapse during the preparation protocol. It is generally accepted that standard preparation methods lead to loss of proteoglycan, collapse of the network they form, and distortion of cell structure. Recently, N,N-dimethylformamide (DMF) has been used as a dehydrating agent after fixation of epiphyseal cartilage in aldehyde and 0~0 4 , resulting in a fine, filamentous, thread-like appearance of proteoglycans in the cartilage matrix (Kagami et al., 1990) . However, extensive extraction of proteoglycan has been shown to occur during immersion in glutaraldehyde Uudd and Eggert, 1981) ; therefore, any procedure initiated by glutaraldehyde fixation will not fully stabilize the matrix. Addition of tannic acid (Takagi et al., 1983) or cationic dyes (Sauren et al., 1991; Scott, 1985 Scott, , 1989 Goldberg and Septier, 1983; Hunziker et al., 1982; Shepard and Mitchell, 1977 ) to glutaraldehyde appears to retain additional proteoglycan as compared with conventional fixation methods, but causes collapse of the proteoglycan network into electton-dense granules rather than preserving native ultrastructure.
Another strategy for preserving connective tissue ultrastructure involves cryotechniques. Many studies (reviewed in Gilkey and Staehelin, 1986 ) (see also Kellenberger, 1991; Steinbrecht and Muller, 1987) have shown that fast-freezing followed by freeze-substitution dramatically improves the quality of ultrastructural preservation, especially in tissues difficult to fix by conventional chemical methods. Until recently, however, only very thin (up to about 20 pm) samples could be frozen without ice crystal damage. The development of high-pressure freezing technology (Dah1 and Stae helin, 1989; Moor, 1987) greatly expanded the size of sample that could be well frozen, and connective tissues were among the first to be studied by this method (Hunziker and Shenk, 1984; .
After high-pressure freezing, freeze-substitution, and lowtemperature embedding, Hunziker and S h e d (1984) described the appearance of a fine, filamentous network in the matrix of rat epiphyseal cartilage and interpreted it to represent proteoglycans preserved in their native extended state. The appearance of the network was likened to rotary shadowing images of proteoglycans: the fine, weakly staining threads were interpreted to represent carbohydrate chains and the heavier strands to represent protein cores. Similar results have been generated using cryopreservation facilitated by contact with a cold metal surface (Kogaya and Nanci, 1992; Akisaka et al., 1987; Arsenault et al., 1987 Arsenault et al., ,1988 . Staining of similarly processed sections in Alcian blue resulted in a non-filamentous, granular appearance of the cartilage matrix (Goldberg and Escaig, 1984) . Inclusion of Alcian blue in the freeze-substitution medium dramatically changed the appearance of the matrix. Immediately adjacent to the cell membrane was a rim of dense staining; a mottled, generally non-filamentous pattern was evident in the matrix (Maitland and Arsenault, 1989) .
Chondrocyte ultrastructure has also been described in detail after high-pressure freezing, freeze-substitution, and low-temperature embedding . Particularly striking are the quality of preservation of intracellular organelles and membranes, the lack of large intracellular vacuoles, and the intimate association of cell membrane and matrix, lacking the "lacunae" (the open space surrounding chondrocytes) characteristic of conventionally fixed cartilage.
In this study we used high-pressure freezing and freezesubstitution to investigate the ultrastructure of several types of connective tissue, including fetal chick sternal cartilage, human costal cartilage and human neonate foreskin. Our results differ significantly from those of previous studies using the same techniques on similar tissues (Akisaka et al., 1987; Hunziker and Shenk, 1984; . We believe that some of the differences are due to structural artifacts caused by ice crystal damage in the earlier preparations. The reasons for this interpretation are illustrated and discussed.
Materials and Methods
Sterna were obtained from live 17-day-old chick embryos. The time elapsed between removal of the sterna to the completion of cryohtion varied from less than 30 sec to about 10 min. No attempt was made to distinguish these differently timed excisions during subsequent handling. Human foreskin was obtained at circumcision and stored on ice for approximately 18 hr before freezing. Human costal cartilage from an 8-year-old boy was obtained at surgery and stored on ice for 5 hr before cryohation. Each tissue type was cut into rectangular pieces, with dimensions approximately 0. and stored in liquid nitrogen until further processing. Tissues were then transferred from liquid nitrogen to 1% os04 in anhydrous acetone at -9O'C and left in a freeze-substitution device (Kiss and McDonald, in press) for about 3 days. They were then allowed to warm to 0°C over a period of 6-8 hr, rinsed in acetone at O' C, warmed to room temperature. then embedded in Epon-Araldite and polymerized at 60'C for 48 hr. For comparison, some chick sternal cartilage and human neonate foreskin were fixed in 1.5k glutaraldehyde/l.5% paraformaldehyde, post-fixed in 1% OsO,. dehydrated in ethanol and propylene oxide, and embedded in Spurr's epoxy. Some tissue was also embedded in Epon-Araldite. In addition, human neonate foreskin was immunolabeled with a rabbit plyclonal antibody specific for decorin (cat AB1909; Chemicon International, Temecula. CA) followed after rinsing by a 5-nm gold goat anti-rabbit conjugate (Amersham; cat. #RPN.420) using a previously described technique (Keene et al.. 1988) . Immunolabeled samples were then h e d in 1.5% glutaraldehyde/1.5% paraformaldehyde and 0~0~. both containing 6000 ppm ruthenium hexamine trichloride. dehydrated in ethanol and propylene oxide. and embedded in Spurr's epoxy. Ultra-thin sections rang ing in thickness from 30-90 nm were cut with a diamond knife on a Rcichert Ultracut E microtome, mounted on either formvar-coated slot grids or bare 600mesh copper grids, stained with saturated aqueous uranyl acetate (7-15 min) and lead citrate (1-2 min). and viewed on a Philips EM 410 LS operared at 60 kV or a Philips CM 10 operated at 80 kV.
Proteoglvcan monomers were obtained by subjecting 17-day-old chick sternal cartilage to shearing forces in a polytron homogenizer (Beckman) in the presence of ammonium bicarbonate buffer, pH 7.4. The resulting homogenate was rotary shadowed as previously described (Keene et al.. 1987 ). Fields containing proteoglycan monomers were selected and photographed with a Philips EM 410 LS operated at 80 kV.
Results

Chich Sternd CurtiZuge
Conventional fixation in aldehyde10s04 followed by solvent dehydration at room temperature resulted in an irregular, scalloped appearance of chondrocytes ( Figure 1A) . with the tips of cellular projections (villi) in direct contact with matrix components (Figure 1B) . Areas between villi often lacked contact with matrix components. The limiting membranes of the cell and nucleus were often difficult to distinguish. Organelles, such as mitochondria and Golgi, were not easily identified and contrasted poorly with the surrounding cytosol. The connective tissue matrix consisted of highly contrasted collagen fibrils, on which were deposited many electrondense globules, presumably representing collapsed proteoglycan ( Figure IB) . The vast majority of the matrix consisted of apparently unoccupied space, particularly in areas directly surrounding chondrocytes. No significant distinction existed between the ultrastructure of chemically stabilized tissues embedded in Epon-Araldite (not shown) and Spurr's epoxy.
In areas of optimal preservation, the ultrastructure of the chondrocytes and matrix appeared vastly different when processed by high-pressure freezing and freeze-substitution. The limiting membrane (plasmalemma) of the cells was preserved intact and was in continuous contact with the extracellular matrix (Figure 2A ). Although somewhat irregular, cell shapes lacked the many villus-like extensions common to conventionally fixed cartilage ( Figure 2B) . The membrane systems of mitochondria, Golgi, rough endoplasmic reticulum, and vesicles were crisp and intact, and contrasted well with the surrounding cytosol ( Figure 2C) . The cartilage ma- trix appeared as a continuous, densely staining, amorphous sol, within which collagen fibrils contrasted poorly. At higher magnification (Figure 3) the matrix appeared somewhat granular, but no filamentous structures likened to the rotary shadowed appearance of proteoglycan (Figure 3 inset, equally magnified) could be distinguished. Since a very fine, filamentous structure might not be apparent in routine (70-80 nm thick) ultra-thin sections, we also photographed much thinner sections (30-40 nm) but no further detail of proteoglycan structure was revealed.
Tissues were not always preserved as optimally as described above. Some of the less extreme artifacts observed included a small amount of open space within the chondrocyte cytoplasm ( Figure 4A ), separation of the chondrocyte plasmalemma from the matrix (not shown), and a distinct halo surrounding collagen fibrils (arrows, Figure 4B) , usually accompanied by a slightly more granular appearance of the matrix sol (Figure 5 ) . More severe was the damage presumably caused by the growth of ice crystals, shown in Figures  4C and 4D. Often the same section contained areas with heavy dam-age (accompanied by a very coarse matrix network) continuous with areas containing a finer filamentous matrix, which eventually merged into areas of optimal preservation in which the matrix sol appeared amorphous. Often, chondrocytes surrounded by severely damaged matrix were also damaged by ice crystal growth ( Figure  4C) , although in only moderately damaged areas chondrocytes often appeared unaffected. The filamentous artifact was peculiar not only to cartilage but was also observed to various degrees in damaged areas of human dermis (not shown). A few tissue samples were so heavily damaged that the effect of ice crystal damage was obvious even at low-magnification light microscopy.
Human Costal Curtilage
Examination of the matrix of 8-year-old human costal cartilage revealed many banded collagen fibrils embedded in a non-filamentous, densely stained amorphous sol (Figure 5 ) . As compared with the optimally stabilized chick sterna described above, this prep- 
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" E . McDONALD aration was only moderately well preserved, as judged by the granular appearance of the matrix sol and the halo surrounding each collagen fibril. These small clear spaces probably represent an artifact caused by formation of tiny ice crystals (microcrystalline ice) during freezing.
Human Neonate Foreskin
After immunolabeling, antibodies specific to decorin localized periodically to banded collagen fibrils, specifically between the d-and e-bands, consistent with previously reported results (Fleischmajer et al., 1991; Pringle and Dodd, 1990) . Compared with previously reported results, there was increased electron density of the area immediately surrounding gold clusters in this preparation, presumably due to the inclusion of ruthenium hexamine trichloride in primary and secondary fixatives ( Figure 6A ).
The degree of preservation shown in Figure 6B is typical of that expected after aqueous fixation and embedding at room temperature. Within this field, banded collagen fibrils were individually contrasted on a background of apparently open space. Very little matrix "ground substance" was obvious in this preparation. The small, collagen-associated proteoglycan decorin immunolocalized in Figure 6A was visualized poorly by this technique. A large amount of apparently open space commonly surrounded elastin bundles. Elastin-associated microfibrils were clearly delineated (arrows), although the beaded structure of microfibrils suggested by rotary shadowing (Keene et al., 1991b) was not visualized. In contrast, the dermal matrix prepared by high-pressure freezing and freezesubstitution appeared dense ( Figure 7A ). So much of the matrix ground substance was retained that at low magnification it was difficult to distinguish individual collagen fibrils. The granular material was also in intimate contact with elastin bundles, masking the associated microfibrils. At higher magnification, a substance was seen to associate with banded collagen fibrils near the gap region (between bands d and e) of collagen fibrils ( Figure 7B ).
Discussion
The extraction of specific components during processing for electron microscopy and the resulting distortion of tissue architecture should be of increasing concern in matrix biology, particularly since antibodies recognizing collagen (Glattauer et al., 1990 ) and proteoglycans (Caterson et al., 1985) are increasingly used for immunoidentification and electron microscopic localization of specific matrix components. The resolution of these techniques is exceptionally high, approaching 7 nm when a 1.4-nm gold cluster is coupled to an Fab fragment (Hainfeld and Furuya, 1992) . However impressive the theoretical resolution of immunoelectron microscopy, if the component under study is extracted or shifted in position during processing the resultant immunocytochemical data are of little value.
Standard fixatives used to process tissue for electron microscopy are not completely effective in preventing the loss and collapse of carbohydrate moieties (Hunziker and Herman, 1987; Jubb and Eggert, 1981) . Tannic acid and cationic dyes have been used to retain proteoglycans in tissue, but act to precipitate proteoglycans into electron-dense deposits. In addition, it is generally agreed that for immunoelectron microscopy most chemical fixatives cannot be used at standard concentrations to stabilize tissues before immunolabeling, since they often interfere with antibody-antigen recognition. In cartilage, experiments that rely on diffusion to carry antibody through the connective tissue matrix often use either hyaluronidase (releasing proteoglycans bound to hyaluronic acid) or chondroitinase (cleaving chondroitin sulfate side-chains from the core protein of proteoglycans) to solubilize the proteoglycan network, since it is too dense to allow diffusion of antibody (Hunziker and Herman, 1987) . In addition, since several collagens, including Types IX, XII, and XIV, can contain attached glycosaminoglycan chains, the removal or collapse of these domains might result in translocation of the antigen. This may explain the discrepancy between the periodic localization of collagen Type IX on banded cartilage fibrils extracted by homogenization (Bruckner et al., 1989; Vaughan et al., 1988) compared with the localization of Type IX collagen to fibril intersections in tissue after hyaluronidase digestion (Muller-Glauser et al., 1986) .
In an effort to protect proteoglycans from solubilization or precipitation, several laboratories have applied cryostabilization procedures to cartilage. Previous results presented by Hunziker and Shenk (1984) , Arsenault et al. (1987, 1988) , Akisaka et al. (1987) , and Kogaya and Nanci (1992) describe the structure of the matrix between collagen fibrils as a network of thick and thin strands surrounded by and enclosing areas lacking electron density. This appearance has been likened to rotary shadowing images of proteoglycan and has been interpreted as the native extended form of proteoglycan. Immunolocalization of proteoglycan to this network helped to confirm this interpretation (Hunziker and Herrmann, 1987) . In our studies of fetal chick cartilage we saw similar images ( Figures 4C and 4D) but interpret them as areas of ice crystal damage. Our interpretation is based on the observation that where heavy cell damage has occurred the filamentous network is often exceptionally coarse. Filamentous networks of different degrees of coarseness are often observable in the same section, and in optimally frozen regions there is no filamentous character detectable at all. One explanation for this phenomenon is that ice crystals forming in one area may recruit water molecules from neighboring areas as they grow. The solute concentration in the resulting areas might then be just high enough to allow freezing without formation of ice crystals. In areas of suboptimal preservation, chondrocytes might therefore be preserved at the expense of the surrounding matrix. A similar lack of a fibrous network is observed in the matrix of cryostabilized human cartilage. The network in heavily damaged areas is not dissimilar to the network of thick and thin filaments demonstrated after freeze-slamming and freeze-drying of various salt solutions containing no biological material, which is clearly an artifact mimicking biological structure (Miller et al., 1983) . In cartilage, the degree of preservation of chondrocytes comes close to but does not always match that of the surrounding matrix. In areas where the matrix is coarsely fibrous, the nuclei often display a similar appearance, organelles contrast poorly amid a granular cytoplasm, and the chondrocyte cell shapes are often quite irregular ( Figure  4C ). In areas only slightly damaged, halos delineating collagen fibrils can be seen ( Figure 4B ) and there may be a very slight filamentous appearance to the matrix, but chondrocytes in these areas often appear optimally preserved. Well-preserved cells are fairly regular in shape and are in continuous contact with the matrix. The plasmalemma, nuclear, and organelle membranes are clearly delineated. Many villi, resulting in an irregular, scalloped appearance of the chondrocytes after aqueous fixation, are absent. Chondrocyte lacunae, seen after aqueous fixation procedures as areas of low density immediately surrounding chondrocytes, are not visible in fetal chick cartilage after cryotechnical processing and are likely to be the result of chondrocyte shrinkage and subsequent distortion of the surrounding matrix during aqueous procedures.
These observations reinforce our conclusion that a filamentous appearance of the matrix results from an accumulation of translocated matrix components due to inadequate cryopreservation and the growth of ice crystals. The immunolocalization of proteoglycan to the filamentous network seen by Hunziker and Herrmann (1987) supports this interpretation, since it is likely that proteoglycans are among the components segregated into filamentous compartments during the phase separation that accompanies ice crystal growth (Kellenberger, 1987 (Kellenberger, ,1991 . It is not surprising that individual proteoglycans are not visible in sectioned tissue, since their structure is only just barely resolved after high-resolution rotary shadowing. In addition, as compared with metal shadowing techniques, there is significant loss of resolution when structures embedded in epoxy are viewed. Resolution is improved ifuncommonly thin sections are examined, but even in these we have been unable to resolve individual proteoglycan aggregates.
In contrast to the relatively minor damage described above, some tissue samples were so heavily damaged that tissue distortion was obvious even by light microscopy. It is not clear whether this damage occurred randomly, as a result of subtle differences in tissue handling, or as a result of immeasurable variations in the performance of the Balzers high-pressure freezer. It seems reasonable that the quality of freezing might correlate with the length of time between sample acquisition and freezing. We could not, however, establish this correlation from our studies.
The dermal matrix of human skin, processed by high-pressure freezing followed by freeze-substitution, contained a preponderance of densely stained material not evident in standard aqueous fixation protocols. This material masked many of the matrix components normally visible after standard processing, including elastinassociated microfibrils. It was therefore not possible to determine if microfibrils prepared by this procedure lack a tubular appearance (suggested to be an artifact of chemical fixation) and instead appear as "beaded strings" as shown by rotary shadowing (Keene et al., 1991b) .
Decorin, a small (43 KD) dermatan sulfate proteoglycan, localizes to an area between the d-and e-bands of Type UIII collagen fibrils, as demonstrated here and previously (Fleischmajer et al., 1991; Pringle and Dodd, 1990) . After preparation by high-pressure freezing, an electron-dense substance whose approximate position matches the immunolocalization pattern of decorin is distributed on the surface of the banded collagen fibrils. It appears, therefore, that even small proteoglycans such as decorin are retained in tissues without the use of cationic dyes by this technique.
These data should not suggest that preparation by high-pressure freezing followed by freeze-substitution is the only acceptable mechanism for tissue preservation. Indeed, if this were the only protocol to have been used to date, many matrii components easily contrasted after aqueous fixation might not as yet have been visualized. However, when standard aqueous fixation procedures are used to evaluate and compare tissue architecture, the observer should be aware of the artifacts induced by chemical fixation. The cryotechnical procedure described here presents a more realistic image of the connective tissue matrix and should be considered when a model of matrix architecture is envisioned.
Although cryotechniques are useful for imaging cartilage ultrastructure, their most important application may be for in situ immunolocalization of specific matrix components. Cryofixation followed by embedding in low-temperature methacrylate resins such as Lowicryl achieves good ultrastructure and often preserves antigenicity (Carlemalm et al., 1985) . Currently, we are pursuing section surface immunocytochemical methods designed to localize matrix components in high-pressure-frozen, freeze-substituted tissue embedded in methacrylate resin, hoping to avoid a collapse or solubilization of matrix components.
